Two-dimensional infrared photon echo and pump probe studies of the OH stretch vibration provide a sensitive probe of the correlations and couplings in the hydrogen bond network of liquid water. The nonlinear response is simulated using numerical integration of the Schrödinger equation with a Hamiltonian constructed to explicitly treat intermolecular coupling and nonadiabatic effects in the highly disordered singly and doubly excited vibrational exciton manifolds. The simulated two-dimensional spectra are in close agreement with our recent experimental results. The high sensitivity of the OH stretch vibration to the bath dynamics is found to arise from intramolecular mixing between states in the two-dimensional anharmonic OH stretch potential. Surprisingly small intermolecular couplings reproduce the experimentally observed intermolecular energy transfer times.
I. INTRODUCTION
The special properties of liquid water ultimately originate from the correlations and intermolecular couplings in the extended hydrogen bond network. The fluctuating local electric fields and the variations in number, strength, and orientation of hydrogen bonds strongly deform the potential energy surfaces. Two-dimensional infrared photon echo ͑2DIR-PE͒ spectroscopy has been recently proven to be a very powerful tool for investigating the dynamics of local structures in water. [1] [2] [3] [4] Changes in the local environments are directly reflected in modulations of the transition frequencies, dipole moments, and anharmonicities of the stretching vibrations, making the OH stretch mode the most direct probe of structural correlations and fluctuations in the liquid.
Most previous studies have focused on isotopically substituted systems HOD/ D 2 O and HOD/ H 2 O, [3] [4] [5] [6] where the vibrational mode probed is localized on one bond of the molecule and no resonant vibrational energy transfer is observed due to a large separation of the chromophores. Most recently, the first experimental studies on pure H 2 O have shown significantly faster structural dynamics 1,2 compared to the HOD systems. A stronger coupling to librational motions was found to be the main reason for this behavior, although some contributions from resonant energy transfer ͑ET͒ and delocalization of the vibrational excitations are also expected.
Explicit treatment of intermolecular vibrational coupling in simulations of the nonlinear vibrational response of water has not yet been demonstrated. Molecular dynamics ͑MD͒ based calculations of localized stretching frequency trajectories and subsequent calculation of the nonlinear response without considering intermolecular coupling have been shown; 4, 7 fluctuations of the transition dipole moments through non-Condon effects have also been included. 5 Alternatively, intermolecular ET was studied by using harmonic approximations. 8, 9 In this work, we use numerical integration of the Schrödinger equation 10 ͑NISE͒ in a fully anharmonic nonadiabatic simulation procedure, explicitly treating the intermolecular coupling, as well as fluctuations and anharmonicities of transition frequencies and dipole moments, to calculate the 2DIR-PE and pump probe ͑PP͒ response of OH stretch vibrations in liquid water. With this new procedure, we find excellent agreement with the recent experimental results.
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II. METHODS
A constant volume simple point charge/extended water MD trajectory of N = 64 molecules with 0.5 fs time steps at room temperature was generated using the GROMACS-3.3.1 program. 11 Transition frequencies and dipole moments between six vibrational eigenstates of the OH stretch potential were calculated at each time step and for each molecule using the ab initio electrostatic map for the OH stretch vibrations in H 2 O, which is equivalent to the previous work on HOD in D 2 O. 6 The electrostatic potential in the vicinity of a single H 2 O molecule generated by the surrounding molecules is expanded to the second order in Cartesian coordinates. The anharmonic vibrational potential surface of H 2 O in the multipole electrostatic field was expanded in the three normal coordinates in the gas phase. Vibrational transition frequencies between ground state and the five eigenstates ͑symmetric and antisymmetric O-H stretch, their overtones, and combination͒ and the transition dipole moments between these states were parametrized with the electrostatic coefficients. 12 To compensate for insufficient solvent shifts produced by the ab initio map, we scaled all electric fields with a factor of 2.2 to match the maximum of the fundamental frequency distribution to the maximum of the linear spectrum of H 2 O, as shown in Fig. 1 We employed the following time dependent effective Hamiltonian for M = 128 coupled modes ͑64 molecules, two modes each͒, using the anharmonic local eigenstates provided by the electrostatic map as a basis ͑ប =1͒:
͑1͒
The first two terms describe the free boson system, where m ͑͒ is the fundamental transition frequency of mode m, B m † ͑B m ͒ is the boson creation ͑annihilation͒ operator for mode m. The intermolecular coupling J m,m Ј , for m , mЈ on different molecules, was calculated using resonant dipoledipole coupling. Since the electrostatic map provides the instantaneous local eigenstates, we set all intramolecular couplings to 0. The last term describes the interaction with the optical fields. The third term contains both intramolecular and intermolecular anharmonicities, the latter arising from anharmonicities in the transition dipole moments, Eq. ͑2͒, affecting the dipole-dipole coupling,
Here, m is the fundamental transition dipole moment of mode m and ⌬ is the anharmonicity of the fundamental to overtone transition dipole moment. In Eq. ͑2͒, we neglected intermolecular anharmonicities while fully treating all intramolecular anharmonicities of the transition dipole moments. Calculation of the 2DIR-PE and PP signal requires summation over the contributions from six Liouville pathways. They are commonly referred to as ground state bleach ͑S 1 and S 4 ͒, induced emission from the excited state ͑S 2 and S 5 ͒, and excited state absorption ͑S 3 and S 6 ͒, for the rephasing ͑S 1 , S 2 , S 3 ͒ and nonrephasing ͑S 4 , S 5 , S 6 ͒ phase matching conditions. 14 For illustration, the nonlinear response functions for the rephasing pathways are given in Eq. ͑3͒.
Here, + and − denote dipole excitation and de-excitation operations, respectively. The propagators Ĝ 0 , Ĝ 1 , and Ĝ 2 ͑ b , a ͒ propagate the ground, singly excited, and doubly excited state, respectively, from a to b . The propagation was performed using NISE,
where ͑͒ is the Heaviside function, ⌬ = 2 fs. The matrix exponential in Eq. ͑4͒ was calculated exactly for the single particle propagations Ĝ 1 ͑ b , a ͒. This is not possible for propagation of the two particle excitations Ĝ 2 ͑ b , a ͒ in diagrams S 3 and S 6 due to the large size of the symmetrized two-particle basis being M͑M +1͒ / 2. These matrix exponentials were calculated by splitting the two-particle Hamiltonian into harmonic ͓first two terms in Eq. ͑1͔͒ and anharmonic ͓third term in Eq. ͑1͔͒ parts and employing the splitoperator method 15 to calculate the total propagator. The harmonic exponential can be calculated exactly from factorization of the single particle propagators, and the small anharmonic part is calculated by first order Taylor expansion.
The photon echo signal was calculated in the impulsive limit. The 2D spectra were obtained by double Fourier transformation with respect to t 1 and t 3 , t i = i − i−1 . The PP signal was also calculated in the impulsive limit setting t 1 = 0. The polarization anisotropy ͑PA͒ r͑t 2 ͒ was calculated 1,16 from spectrally integrated PP signal with parallel and crossed polarization of the pump and probe pulses.
III. RESULTS AND DISCUSSION
The main focus of this study is on the effect of intermolecular coupling on the vibrational response when entering the fully resonant coupling regime for pure H 2 O. We used the dielectric constant as a scaling factor in the resonant dipole-dipole coupling to reproduce the PA decay regime of Ϸ80 fs observed in H 2 O. 1, 2, 16 Statistical analysis of the intermolecular coupling for a given value of the dielectric constant allows extraction of the average next neighbor coupling strength = ͉͗J mm Ј ͉͘ for R mm Ј Ͻ 3.2 Å, where R mm Ј is the distance between molecules for the local modes m and mЈ.
In Fig. 2 , we show the spectrally integrated PP signal for parallel and crossed polarization of pump and probe pulses ͑a͒ and the PA calculated from these signals ͑b͒ for three coupling regimes. Also shown is the experimentally observed anisotropy decay in H 2 O. 2 The PA of the uncoupled system shows a fast initial decay due to strong orientational fluctuations of the transition dipole moments, accounting for Ϸ1 / 2 of the signal decay. The remaining contributions are due to librational and slow reorientation dynamics. 12 With increasing coupling strength, the anisotropy decay speeds up and the long-lived components vanish. This effect can clearly be assigned to intermolecular ET which is expected to be at least partially coherent. The anisotropy decay can now be fitted with a single exponential decay, resulting in decay times of 75 fs for =12 cm −1 and 40 fs for =20 cm −1 . An additional effect is observed for the initial value of the PA, which is decreasing with increasing coupling strength. Both decay time and initial value of the PA are in excellent agreement with experiment for =12 cm −1 . Here, we note that the pump probe cross correlation can distort the experimental anisotropy which, however, was found to not affect the observed dynamics within experimental error.
In Fig. 3 , we show the 2DIR-PE spectra for two models, =0 cm −1 ͑uncoupled͒ and =12 cm −1 for population times t 2 = 0, 100, 200, 500 fs. Two peaks corresponding to the fundamental 0 → 1 transition and excited state 1 → 2 absorption are observed. The 1 → 2 transition is redshifted due to anharmonicities of the vibrational frequencies. A strong interference between these two peaks leading to partial or complete cancellation of signal in the overlap region, distorts the individual peak shapes, amplitudes, and positions.
In both models at t 2 = 0 fs, the fundamental peak is stretched along the diagonal, indicating some initial inhomogeneity. As a function of t 2 , the peaks become more vertical on similar time scales for both models, somewhat faster for the =12 cm −1 system. Due to the interference between the two peaks and the distribution of dynamics across the spectrum, no single time scale for loss of correlations can be extracted from the 2DIR-PE spectra. On closer inspection of the =12 cm −1 spectra, a bending of the fundamental peak and the nodal lines between the two peaks is observed. This is an indication of faster fluctuations and loss of inhomogeneity on the red side of the spectrum. From our results for =12 cm −1 , any initial correlations on the red side of the spectrum have decayed by 100 fs, whereas correlations on the blue side persist beyond 200 fs. This finding is in very close agreement with the recent experimental results on the 2DIR-PE spectrum of H 2 O. 2 In Fig. 4 parison, we corrected the simulated spectra for the experimental excitation pulse spectrum. Population relaxation effects are now included by applying an ad hoc relaxation factor using a population life time T 1 = 200 fs. 1 Additionally, we included a persisting ground state bleach to match the experimental conditions. For multimode nonadiabatic simulations, a strict separation of the different contributions to the nonlinear signal is not possible. We approximated the persisting ground state bleach by only considering diagonal contributions to the respective nonlinear response function S 1 and S 4 .
12 With these assumptions, our simulations are in close agreement with the experiment for peaks shapes, amplitudes, and dynamics.
Our new simulation procedure provides the first nonlinear response treatment of highly disordered vibrational excitons, which explicitly allows multiple state crossing between vibrational energy surfaces. With no separation of time scales between the transfer and fluctuation processes, the nonadiabatic nature of the transfer process is thus fully accounted for. The explicit treatment of these processes, as well as intra-and intermolecular vibrational anharmonicities, and the fluctuations and anharmonicities of the transition dipole moments facilitated in the NISE approach provides the highest level description of the nonlinear vibrational response of water to date.
Many interesting features of the PP and 2DIR-PE response are caused by the mixing between states in the 2D anharmonic OH stretch potential. This is markedly different from the two decoupled one-dimensional stretch potentials in HOD. The fundamental transitions show an increased sensitivity to bath fluctuations, mainly caused by resonantly enhanced fluctuations in orientation and amplitudes of the transition dipole moments, i.e., non-Condon effects. 5 The fluctuations in the local basis result in changes in the character and symmetry of the modes, and can, therefore, to some degree be interpreted as intramolecular ET. Mixing of the overtone states further leads to strong intramolecular anharmonicities. In particular, the harmonic selection rules are lifted, opening up additional pathways contributing to the nonlinear response. These effects manifest the increased sensitivity of the OH stretch vibrations to fluctuations in the hydrogen bond network in water, compared to isotopically substituted systems such as HOD/ D 2 O or HOD/ H 2 O. 3, 4 In our results, this is evident in the fast loss of correlation in the 2DIR-PE spectra ͑Fig. 3͒ and the fast decay of PA transients ͑Fig. 2͒ even for the uncoupled system. The main result of the intermolecular coupling is observed in the PA ͑see Fig. 2͒ . The experiment is reproduced for =12 cm −1 which can be considered to be surprisingly small. Previous theoretical 8, 9 work had to invoke much larger couplings to reproduce the extremely fast time scales of the PA decay in H 2 O. Here, we show that the large number of acceptor modes, as well as anharmonicities and fluctuations in the system open up many intermolecular transfer pathways, which lead to a full decay of the PA on time scales observed in the experiment 1,2,16 even for these small average couplings. The effect of the ET on the 2DIR-PE spectra is found to be rather small ͑see Fig. 3͒ . Only for large t 2 ͑Ͼ200 fs͒, somewhat faster dynamics in the coupled system become apparent. We conclude that most of the fast dynamics in the 2DIR-PE spectrum of H 2 O are indeed caused by the increased sensitivity of the OH stretch potential to anharmonic bath coupling. Consequently, the OH stretch vibration is shown to be an excellent probe of the hydrogen bond network in H 2 O. In summary, we presented simulations of the 2DIR-PE and PP response of the OH stretch vibration in liquid water. Our new technique using numerical integration of the Schrödinger equation allowed explicit treatment of intermolecular vibrational couplings and nonadiabatic effects for the first time. The 2D OH stretch potential was shown to be extremely sensitive to bath fluctuations resulting in very fast spectral diffusion dynamics. We also found surprisingly small intermolecular couplings to be fully sufficient to reproduce experimentally observed energy transfer times. The simulation results are in close agreement with our most recent experimental work.
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